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ABSTRACT 

-JtSSS mff^MtS^S'XSSSRS o W 4 r a e „ inVeStieal ^ ,nfrared spectrophotometry was 
sensit.ve to the annealing temperatures and ^anneahng amblen ts rX^I*™?*' ^"concentrations are found te Tbe 
during annealing were monitored. The measured "tress wKmm, 1 <S room-temperature stress and the i» situ s res! 

trie properties following low-temperature ( <600"C) curina Both Jr. V£a 5 n 1 . °= ne show ed sign ficantly better dieler 
Plications ifhigh-temperature annealings are allowed e *°° d d,electr,c for VLSI (interlayer dielectric a£ 



As device dimensions are scaled into the submicron re- 
gion and layouts become more complex, multilevel in- 
terconnections have become imperative in very laree 
scale integration (VLSIl circuit designs to improve the 
Speed performance and to save chip area. However the 
high aspect ratios resulting from multilevel processing 
impair the step coverage of successive depositions and 
the resolution of further lithography steps. Therefore 
p anarizing interlayer films are widely used to smooth 
,,1,7 topography. Among the proposed candidates 
etch-back processes (1.2), bias-sputtered quartz (3 4) 
and spin-on dielectric films have been studied quite ex- 

oeen proposed as planarizing layers. Polyimide (5, 6) is 
an mportant representative of the organic group Al- 
. though polyimide has many advantages, it also poses se- 
rious compatibility issues with the standard IC fabrica- 
d ," e 1° lU s, enincant xvater absorption, 
hmited thermal stability, and low mechanical rigidity for 
wire bonding. Spin-on glasses (SOC) as inorganic 
plananzing films have been under intensive study re 

lS^TnT ives 10 polv,mide and o,her 

JH\T e (7 : 3) ind V^y* 1 ™*™ dO-14) are the two most 
? " S f d sp,n - on 5 ,a " materials. Silicate spin-on 
films solidify al very low temperatures (»200'C) and 
crack easily when the films get thicker (-4000A). particu- 
Sf hmhed^ Ce topo J n ^y- ^PPl'cations are there- 
' co?i'tiT l! d 1° VCry J lh,n lavcrs - Polysiloxane can be de- 
cnclL ar? mUCh ,h,Cker film «>5000A) without 
cracKing. After low- to medium-temperature <<600 S C> 
cunng. the polysiloxane films still contain some organic 
materials, such as methyl, ethyl, or phenyl groups, as 
X"gS?&^ Und h / drox > ' ^ouP S . The' amounts 
Y-ary signincantly depending upon the type of SOG and 
£« curmg process. After the final annealing at high tern 
d?»d Ures < >900 C >- ™«« of these organic groups a re oxi- 
Uined esscntiai) - v a silic on dioxide fflm can be ob- 

itld P it Pafa,i ° n '° r the s,ud >' dis oussed here, we evalu- 
acts ton,mer< ' ,al '.v available polysiloxane prod- 

WODeTu« c ma K Cr ' a 'u W T re Sludicd for their "'forming 
3? Ind Tr ,? ,h,pkness o'^'ormity over the entire 
iluminni . h t' r '' rack res '*'-">ce when coaled over 
S S, .? S - T u° SOG s wi,h ,he mating prop 
Cared! the " t ' J h ° SeM :his more detailed sfudv. 
•Is «n o, n ^ gnalC ' d aS StX: A a,,d SOG B B o«h materi- 
'AT«CW« ndeas,!,8 »0"-lree film with uniform thick- 
's across the entire wafer. ;,nd the film is crack-free 
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over 1 |ini aluminum steps. SOG-A contains m»tk..i 
Phenyl, and ethoxy groups with carbon 
ranee of 20.30'S, enr d l. carbon content in the 
wV,.y SOG-B has a similar carbon content as 
SOG-A and contains only methyl and unspecified I afkox v 
groups bonded to silicon atoms. The s 0 1 vent f 0 r SOG A 
is pr manly propanoUnd the solvent for SOG-B is Dri 
manly butanol. SOG-B also contains a "levelm/ aeen" 
to assist in obtaining a uniform coat. Overalt thf higher 
boiling point solvent and the added leveling agent live 
SOG-B a better coating uniformity than SOG-A 

Experiment Descriptions 
All of the SOG samples are prepared usin* a standard 
manual photoresist spinner. For each coaUng about 
3 cm'of spin-on glass is dispensed onto a 100 mm Si wa 

,h r Tht l f0ll ° W ' ed by a 1000 n>m spread cycleTr 5s a^,d 
then a 3000 rpm spin cycle for 20s. Two baking cycles^n 
Blue M convection ovens ClOO'C for 30 min and 200-C fir 
f a rom t, t°h? , fi f T n) " Sed ,0 d " ve ^cast n ng 20 so.ve° 

TheTeSOG fiTmfar 0 ^' 6 ^ the , S ° G fiim P^Paratio" 
1 nese ^uu films are then anneaJed under variouq 

t.Tunress d o y th he of -ooa.ing on [he t 

ties. Unless otherwise specified a standard diffusion fur 
nace is used for these annealings The annealing 
ature ranges from 400' to witTtwi fj£?J£Z 

E and nitrogen. For the material studies The «m 
pies are analyzed after the low-temperature snin hall 
cles and following the anneal. For^h^ Xfecuic ttudZ' 
a sputtered aluminum film is patterned 0 form the e /ec 
trodes on top of the SOG films. uieelec- 

AFT!«d?k ,hi< V kn *^» measured with a Nanosoec 

with an HP 4275A multifreqiiency LCR meter The d, 
electric constant was calculated from th* ^ • 
the electrode area, and SmmlLS^ ca P a -tance. 

Results ond Discussion 

1H spectra.-Tho FTIR absorption sn^-tra nf 

tTJ 5'?; "Sc^'T*" w r e s,ored «• a "•«« oisk 

iiic u.4.. ^m hOC films were then spin-coalcd onto th P 
wafer, subjected to cure at 200" C. and thJ .FTIR 

«W C in different ambient* and the l-TIR spectra aken 
fecial spectra features due to the substrate w£ e etr i ' 
n.'ed by rubtracr.,; the appropriate bare wafer soec' 
tru.n from the SOG-coated spectrum Thr. IR P , 

SOU-A annea,ed a, 4S0". ^Sli^S 
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are shown in Fig. la for the range between 400 and 4000 
cm" 1 , while Fig. lb gives the data for samples annealed 
in O, ambient. AH the measurements were made at room 
temperature in a dry nitrogen ambient. The most intense 
absorption peak of Si— O bonds, due to the asymmetric 
stretching mode, is located between 1060 and 1080 cm-'. 
The location of this peak changes with annealing tem- 
perature and ambient as shown in Fig. 2. Both curves 
shift to lower wave numbers at 450*C and both reverse 
that shiA after annealing at higher temperatures. The ini- 
tial shift (450'C) is smaller for the sample subjected to the 
oxygen anneal. The peak for the oxygen-annealed sam- 
ple shifts to its final position by 600°C. as opposed to the 
nitrogen-annealed sample, which still has significant 
shifts between 600' and 920*C. The results shown in 
Fig. 2 are consistent with the more general observation, 
to be presented below, that the oxygen ambient causes 
compositional changes to occur at lower temperatures 
than does the nitrogen ambient. 

There are two absorption peaks associated with OH 
bonds in the film: the peak at 940 .cm* 1 and the extended 
region between 3200 and 3800 cm". The broader peak be- 
tween 3200 and 3800 cm" 1 is the sum of the absorption 
peaks associated with the OH bonds, with the absorbed 
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water and remaining solvent, while the 940 cm" 1 peak 
arises from the stretch of silicon-bound hydroxyl (sila- 
nol). The areas under these two peaks which give the rel- 
ative concentration of these OH content were integrated 
by the FTIR system and are shown in Fig. 3 as a function 
of the annealing temperature for SOG-A. The OH profile 
for the O, annealed films in Fig. 3a follows closely to the 
Si— OH profile under the same annealing conditions 
shown in Fig. 3b, indicating the amount of absorbed 
water/solvent is small. However, using the 920 - C data as 
a reference, the film annealed in N, shows a larger ab- 
sorption peak at 450* and 600*C in the 3200-3800 cm"' 
ranges compared to the Si— OH peak at 940 cm* 1 . This 
shows that the film contains some water/solvent mole- 
cules even after 450° and 600*C annealing. It is worth 
noting that the OH concentration is consistently lower 
when annealed in the N 2 ambient than that in the O, am- 
bient and the highest absorption occurs after 600*C an- 
nealing in O t . Annealing at 920'C in either ambient re- 
duces the OH content to a low level. 

One of the main residues in the cured film is silicon- 
bound methyl groups. The stretching mode of Si— CH, 
gives a peak at 1270 cm" 1 in the IR spectra. The areas un- 
der the Si — CH, peak of SOG-A films are plotted against 
the annealing temperature in Fig. 4. In N t . the organic 
group concentration decreases less than 5% alter the 
450*C annealing. Even after 600"C in N, for 30 min. more 
than half the methyl groups remain in the SOG-A film. 
All the organics are gone after annealing at 92CC. As pre- 
viously mentioned, O, is a more effective ambient in 
oxidizing organics. Two thirds of the methyl groups are 
gone after 30 min at 450"C in O, and at 600*C or above, al- 
most all of them are gone. The difference between the 
two annealing ambients in the temperatures required to 
remove all the organics confirms the observations made 
from the positional changes of the main Si— O peaks in 
Fig. 2. 

The complex behavior of the Si— O peak position de- 
picted in Fig. 2 must be considered in light of ill the 
complicated compositional changes that occur during 
curing. This is because the presence of water/solvent, or- 
ganics. and silicon-bound hydroxyl should each have an 
impact upon the strength of the Si— O polymer bond. 
The shift of the Si— O peak to lower wave numbers is at- 
tributed to loss of water/solvent due to heating in the 
200°-450°C range. However, the oxygen ambient is more 
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effective than nitrogen at low temperatures in removing 
organics and in adding Si-OH. The loss of organics and 
the addition of Si— OH is assumed to have the effect of 
shifting the Si— O peak to higher wave numbers. Thus 
while a 450 a C anneal in either oxygen or nitrogen causes 
a shift to lower wave numbers due to water/solvent loss 
the shift is less for oxygen ambient since more organics 
have been lost and significant Si— OH has been formed 
as a result. In oxygen ambient, the formation of Si— OH 
appears to be an important step that mediates the loss of 
organics at low temperatures, and the formation of 
glassy SiO,. The glass formation under nitrogen does not 
occur until above 600*C. In this easel Si-OH formation 
may not be a significant intermediate step. 

The IR spectra of SOG-B are shown in Fig. 5 with the 
same annealing conditions as in Fig. I. The locations of 
the main Si-O peak for different annealing tempera- 
lures and ambients are shown in Fig. 6. The composi- 
tional changes invoked to explain the peak shifts of 

v?» * r "c^o o Se . d V? exp,ain lhe behavior shown in 
Fig. 6 for SOCB. It illustrates some significant differ- 
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ences between these two SOG materials. In Fig. 6. the in- 
itial peak position after the 200"C cure is much lower, 
and'the drop upon heating to the 450X is also much 
smaller than that observed for SOG-A. This is probably 
because all solvent for SOG-B. unlike SOG-A. has been 
removed by the 200*C bake. Other factors, such as lower 
initial Si— OH contents, may also be playing a role. For 
SOG-B, the oxygen ambient becomes effective at ex- 
tracting organics and forming Si— OH at temperature 
above 450 B C. This causes the observed shift to higher 
wave numbers. A similar effect of the nitrogen ambient 
does not begin until temperature greater than 600*C. and 
glass formation may not be complete, even at 920 r C. Gen- 
erally, SOG-A and B differ markedly in their solvent' 
polymer interaction. 

As can be seen from Fig. 7. the OH content is very low 
after 450°C annealing in either O? or N 2 ambient. At 
600 e C. only O; annealing increases the OH concentration. 
Annealing at 920'C in 0 2 can remove most of the OH 
groups from the film. The OH content from N, ambient 
remains low for all annealing temperatures. The organics 
(Fig. 8) are all gone in O, ambient at an annealing temper- 
ature of 600*C or higher. However the N ; ambient cannot 
oxidize all of the CH* groups until 920 W C. This is consist- 
ent with the interpretation given for Fig. 6. 

The IR spectra of SOG-B are more sensitive to the an- 
nealing ambients for the temperature range studied than 
those of SOG-A: 0 7 seems more effective in converting 
the SOG-B film into Si0 3 than N t . Since aluminum met- 
allization limits the processing temperature to 500*C or 
lower. SOG-B can provide a stable film with very little 
OHi concentration with a 450 a C annealing in 0 2 . This is 
; important since the polar OH groups will respond to ac 
signals and thus increase the dielectric constants. If high 
temperatures are allowed, such as 920'C. both films pos- 
sess good material properties. 
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Stress measurement.- The tensile stress from the 
volume shrinkage is the main reason why most of the 
SOG films crack. Two >trr-*.« measurement systems were 
used to study the mechanical henavior of spin-on glass 
films: a room-temperat'ir^ optically levered stress gauge 
(OLSG) for observing the films after annealing, and a hot 
stage stress gauge <HSSG» that permits tn situ measur- 
ing of stress during annealing. In both systems, the ra- 
dius of curvature of a wafer is measured by an optical 
lever and the bare wafers an» nr<?a$urod prior to film dep- 
osition to eliminate the contribution of inherent wafer 
warpage. For the OLSG room-temperature system, i 
laser beam is reflected from the wafer as the wafer is 
translating across the beam fcpot and detected by a pin 
diode mounted on the translating stage. The radius is cal- 
culated from the displacement of the reflected beam. The 
same process is repeated at several points on the wafer to 
improve accuracy. The in situ HSSG system uses an 
oscillating mirror to scan a laser beam over the wafer sur- 
face instead of moving the wafer on a track as in the 
room temperature stress measurement system. The wa- 
fer is held stationary on a hot plate in the HSSG stress 
measurement system, and is separated from the cool am- 
bient by a ceramic lid, which has a narrow slit that allows 
the laser to scan across the wafer »15). This system has a 
sensitivity for measuring the radius of curvature up to 3 
km. 

For a Si wafer with a small amount of wafer warpage, 
the stress in the film is given by (161 



E, 



6(1 - iO 



where i, is the film thickness. R is the radius of curvature, 
I, is the Si substrate thickness. E s is the Young's modulus 
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constants of SOG-A, these of SOG-B are much less sensi- 
tive to the anneaim* «mhients at 450'C. All annealing 
conditions give low dielectric constants and low dissipa- 
tion factors except thai annealed at fluO C in U, ambient. 
When annealed at oWC, tne film annealed in U, snows a 
much higher « r vaiut and D value than in N,. These data 
again have a strong correlation with the OH concentra- 
tion in the film (low in N, and high in 0.. ainbi eng. An in- 
teresting thing is that a 1 min annealing in O, (rapid ther- 
mal annealing) gives similar results to the 3u min anneal- 
ing in a tube furnace, suggesting that the annealing pro- 
cess is nut diffusion-limited. More extensive studies are 
needed to study the annealing time effect on the dielec- 
tric properties of SOG films. 

Summory 

The characteristics of two different types of SOG were 
studied as a function of their annealing tempera- 
tures and ambienU. It has been established that diflerent 
annealing conditions are required to optimize the dielec- 
tric properties for different SOG materials. The F11R 
studies clearly showed the presence and absence of dif- 
ferent organic groups after various annealing conditions. 
It can also be used to determine the presence of bonded 
OH groups and absorbed OH groups after various an- 
nealing conditions. The IR spectra studies show that the 
OH concentration in SOG-A films depends strongly on 
the annealing conditions. Inert ambient iN,i generally in- 
troduces less OH content into the films than an oxidizing 
ambient (O,) does. For SOG-A films, neither annealing at 
45U" nor at 800'C can drive off all the OH contents. Only 
after 920 C annealing can the film be dehydrated. How- 
ever, SOG-B shows a very low OH comem film after 
450'C annealing for O., N s as well as stearn ambient. The 
Si— o peak position and shifts observed can be inter- 
preted in terms of the effects that solvent, organics, and 
silicon-bound OH have upon the Si— O bonding net- 
work. SOG-B after the initial 2uO°C bake has very Jiltle 
residual water/solvent, in contrast to SOG-A. 

The residue stress after annealing as well as in situ 
stress during the annealing process have been deter- 
mined for two different types of SOG materials. The 
Stress levels of both SOG-A and SOG-B films are low ten- 
sile after 450° and 600°C annealings. The stress is relieved 
at 92(TC and becomes compressive when cooled to room 
temperature. 

The measured dielectric properties or the SOU hims 
are also found to be sensitive to annealing conditions. 



Furthermore, a good correlation has been established be- 
l ween dielectric properties obtained from electrical mea- 
surements to that of OH concentration in the SOG films 
obtained fruiti FDR measurements. Dielectric constant 
and dissipation factor increase with OH concentrations. 
SOG-B films show good results after relatively low tem- 
perature annealings as required by the multilevel alumi- 
num metalli^iLion processes. Both films provide good di- 
electric properties if high temperatures are allowed. 
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MATERIAL CHARACTERISTICS OF SOG 
I 5 ! sub *trate Iwith a value ofl.689 x 10" N/m , for the 
100) or.entat.on). >, is the Poissons ratio of thcTubstrate 

sign) if the warpage is eoncave on the coated side and is 
compressive (negative in sign) if convex. 
Typjcal results obtained from room-temperature stress 

F^ TrZT ° f 6 °? 0A l. hick S0G - A fi'^Yre'XS 
r»g. 9. The stress is low for all the samples annealed in 
different conditions tless than 10- Pa). The tensWe 'XLiS 

resuh° „r combine to give a compressive film The 
SMB , Mm " empera,ure stress measurements for 

4oSa U KsOG W 1 ln^" iiIustr *» measurements of 
l^Knnln Jt B to two maximum temperatures- 440° 

SSMS I h T"" ' abe,ed H re P rese " 1 t»»e bating 
cycle with a heating rate of 10'C/min. The C-labeleH 

fo-C/min e S reSent thC COO,i "8 c * c,e The cooling rate is 
10 C/mm down to the chuck temperature of 1 OO'C th-n 

(b Kn t ^ h„ mPCratUr f S> 440 * C in (a > and 600'C »n 

the stress is relatively low (around 10' Pa) comV.!^ ,J 

SOG r B eP thf Cd ° Xide fi ' mS ^--P^bShTckr^Fo? 
SSchSLTT m tCnSile Stress at temperature 
SOG°i/ s S s S ^ ' nd,Catmg lha '^ditional shrinkage for 

J? iel <Ktric conslant.-As an interlayer dielectric film 
spin-on glasses should have a low diSec ric constar"- 
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of doubtful vafue Th»« m !. 6d d, ? lect ™ constant is 
ses when presented Val " eS m a,ways in P aren »he. 

l^iOTaoOB 'Tnerf'r " C ™ as ""ment data 
erally deviated fv^ .u . data ln P a «"theses are gen- 

SOG-B films ™ SfiSS jfoS m' eher tha " *** " 
other parameter associated wi22j nw Urement ?- An - 
dissipation factor Hi»h nu . 0H conle nt is the 

higher dissipationStorTfor 2?* ° S ° G A shows 
the D values of SOG-B are lo^?Vo™Hz for^'tk »l. W {''' e 
temperature (450'C> annealed Tfilm, an rf ,J u b °L h tne ,ow 
ature <920'C) annealed film, Th 1 lhe h ' eh lem P er - 
stant of the 45<TC annealed lor a fiT" die,ec,ri * con- 
bient. The trends of f ffij 1 '.™." the N < a m- 
(increasing from 450* to sntrr .u j 0 » a mbient 

lower valSe at 92 oV) and fn n dec K reasin 8 to a much 
slightly from 450* to nvnJZL ' 'u^™ 1 (de creasing 
OH content changes £? £ZJ « W * W ' ,h lrends of 
450'C annealini sor a .k a "n"hng conditions. For 

and high "value! Thele ^r'Hr 1 ^^ Wgh Va,ues 
- d i-etch^ 
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51 ffUUsllulr'lwlSli a » «s!nr nl" J .liKI.i |0 ' i'ur Ihc 

Dj.ifienliiiiojiJ, m is the } J oiss»in's ratio of the aubai,^ 
tha value .,i u. no 4 i TIk stress is IcusiJe Ipuulit'* m 
ij if i lie salvage is ronrave cm \hv mated side and u 
ip.cssive meg-alive hi sjgnj if convex. 
ypicuJ results uMdined from mijiVMen.^erdture s tress 
isuremenls .iftfOOOjl thick SOG-A films are show,, hJ 
. y. The stress is low for all the samples annealed in 
erciil conditions Mess than Mr Pa). The tensile stress 

eaaed alter 450*0 annealing as compared to the as- 
pared film with 200 C bake. This is due to addition! 

shrinkage at higher annealing temperatures After 
C annealing-, the loss of all organics and SiOH the 
lalion ol a denser >SjO. ail( j JOj „e thermal rela 
n uf stress combine in b'Ke a ti/r.ipressii fc fij m . The 
.its of roujn.i CJ .jpt,dtuie slits* measurements for 
•-fl gave snniW results and the stress levd is slij»hUv 
?r than that uf SOU-A. J 
eure JO sijows the ia sua stress measurements of 
^ , p 10 , *° » n «"«»wn temperatures: 441T 

««>u C The curves labeled H represent the heating 
* w,lh 8 heating rate of lOX/min. The CJabeied 
es represent the cooling cycle. The cooling rate is 
mm down to the chuck temperature of 100'C then 
nuchsiower rau as the air cooling is less effective 
\ ^ ls K le " iperature - Tne samples were held for 30 
.t the highest temperatures, 440 C in <aj and «0U»C in 
etween the heating cycle and the cooling ode. 
mg the film at the high temperature increases the 
e stress. The increase is larger foi higher tempera- 

During the cooling, the stress does not change at 

remains almost the same stress level as that at 
. and is slightly lower than that at 600°C Again all 
ress is relatively low (around 10* Pa) compared to 
deposited oxide iilms of comparable thickness. For 
£ v tHe increase in tensile stress at temperature 
C is small indicating that additional shrinkage for 
3 is smail. 

eerrir constont -As an interlayer dielectric film, 
g .t ^ S ? h0U,d have a Jow dielectric constant 
•hiXS d,e, ? ctri ? instant of spin-on glass is sensi- 

OH H^H° n ^ ftt !? V" film due t0 lhe Polarizability 
OH bonds. The dielectric constant is measured by 
tors fabricated on coated wafers by 
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I, = _ 

..is the relative dielectric constant, is the per- 
ly of vacuum with a value of 8.854 :< lir''F/m Cis 
asured capacitance, t is the film thickness, and A 
•apacHor area Since p-type silicon wafers were 
ie top metal electrodes were always biased by a 
e voltage, which results in accumulation of the 

V2f n i e ? ,n suhstrateand minimizes the 
•» depletion capacitance from the wafer. The Si 
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1 5 lf cn.i !3 m °" S m ° dera,e,v d °P«*» 'resistivit v about 
veJv'hrJh ? US lhe d,ssi P ation f "t„r (D) increases at 

aata were corrected for D. but when the dissipation fac- 
tor value is over 0.3. the measured dielectric COlXlt £ 
of doubtful value. These values are always in parenthe- 
ses when presented. paremne- 

f J% b rlZ 1 ? Um ! n ~Z} ZeS th * die, «lric measurement data 
for SOG-A and SOG-B. The data in parentheses are e«f 
erallv deviated from the true values bvT«m.l17 a ?W 

coTdSrrSS 

In general the dielectric constants of SOG-A are 
higher than those of SOG-B under the same annealinl 
conditions. This is in agreement with the fact that the Oil 

MOB « annfea, . ed S ° GA fi,ms are hi * h «' ' UwlSita 
SOG-B films as obtained from FTIR measurements aT 
other parameter associated with the OH content b the 
dissipation factor. High OH content tends to reduce he 

thfn „ i ,SS,Pa r t, e^X a i t0rS for most ™easuremente, whHe 
the D values of SOG-B are low at 10 kH» r..r k .k .L . 

temperature («0"C) •JZSrt^S&tSfhP' ° W 

ature (920%) annealed films "K tow^lffitSST 

and high D values. These undesirable die'lertric nmrJ? 
ties make it difficult to implement SOak "25™ 
multilevel interconnection pATesses e^eji when 'it is 
used in an etch-back process. Compared to X dielectr.l 



